The positron excess observed by PAMELA and then confirmed by AMS-02 has intrigued the particle physics community since 2008. Various dark matter decay and annihilation models have been built to explain the excess. However, the bounds from isotropic gamma ray disfavor the canonical dark matter decay scenario. We propose a solution to this excess based on the decay of dark matter particles into intermediate millicharged particles which can be trapped by the galactic magnetic field. The subsequent decay of the millicharged particles to electron positron in our vicinity can explain the excess. Since these particles diffuse out of the halo before decay, their contribution to the isotropic gamma ray background is expected to be much smaller than that in the canonic dark matter decay scenarios. We show that the model is testable by direct dark matter search experiments. * yasaman@theory.ipm.ac.ir
I. INTRODUCTION
In the standard cosmic ray model, positrons are produced by inelastic scattering of primary cosmic rays (mainly protons) off interstellar matter (i.e., hydrogen) [1] . In 2008, Payload for Antimatter Matter Exploration and Lightnuclei Astrophysics (PAMELA) discovered an excess of the positron-to-electron ratio above ∼10 GeV [2] , confirming the previously reported excess by HEAT [3] . In subsequent years, the AMS-02 experiment [4] with a more sensitive detector and a wider energy sensitivity range confirmed the excess.
Origin of the excess positrons is not certain. Contributions from pulsars [5] , secondary cosmic ray from supernova remnants [6] [7] [8] [9] and decaying or annihilating Dark Matter (DM) [10] [11] [12] are among possible explanations suggested in the literature. None of these solutions has been completely established as the prime origin. For example, although the recent observations by HAWC on Geminga and Monogem confirm that the energetic of the positron signal from close-by pulsars can match the observed positron excess [13] , the diffusion parameters derived from observation do not seem to be compatible with a pulsar solution to the AMS-02 positron excess [14] . In this paper, we will focus on the possibility that dark matter is responsible for all the positron excess.
Models of annihilating DM need large enhancement on the annihilation cross section [15] , which can occur via the Sommerfeld enhancement [10] or by the Breit-Wigner enhancement [16] . These models lead to delayed recombination problem so they are disfavored [17] . More recently dark matter annihilation solution is further constrained by the bound on new sources of energy injection during dark ages by the EDGES data on the 21 cm absorption line [18] . An independent constraint comes from the limit on diffuse γ-ray observed by Fermi-LAT. The electron and positron produced by DM can go through inverse Compton scattering on CMB, giving rise to a gamma ray flux. This bound disfavors the DM decay solution to the positron excess [19, 20] . Within the decay scenario, the signal from a volume of DM is proportional to V ρ DM /| r| 2 dV . The contributions from dark matter decay inside the halo and from the extragalactic DM turn out to be comparable [20] . That is while ρ DM /| r| 2 inside the halo is much larger than that outside the halo, the volume outside is much larger. Instead of prompt decay into e − e + , if DM particles decay into meta-stable particles that diffuse out of the halo before decay, the bound can therefore significantly relax [21] . This is the basis of the idea proposed in this paper.
On one hand, we want the intermediate particles produced in the halo to go out of the halo before decay and on the other hand, we want those produced in the disk to remain in our vicinity. Similar to the idea proposed in [22] , this can be achieved by millicharged intermediate particles. Such particles become trapped by galactic magnetic field but they can escape the halo (where the magnetic filed is small) with a speed close to that of light. This paper is organized as follow: In section II, we introduce our solution to the AMS-02 positron excess. Moreover, we discuss various bounds on the parameters of our scenario and the prospect of testing it by future experiments. In section III, we introduce an underlying model embedding the scenario. Finally, section IV is devoted to summary and discussion.
II. A SOLUTION TO POSITRON EXCESS
We assume that dark matter consists of scalar meta-stable particles, X, that can decay into millicharged CC particles with decay rate, Γ X , much smaller than the inverse of the age of the universe. For correctness and simplicity, we take the millicharged particles in this scenario scalar but similar argument holds valid with fermionic millicharged particles. Similarly to other dark matter scenarios designed to explain the high energy cosmic positron excess, the X particles should be heavier than TeV. Because of the small but nonzero electric charge of the C andC particles, the magnetic field in galaxy can keep the C andC particles inside the disk. For this purpose, the Larmour radius in the typical interstellar magnetic field should be much smaller than the galactic disk thickness. Since the dark matter particles in the galaxy are non-relativistic, the energy of C andC, E C , produced from the X decay will be equal. Taking m C m X , the momentum of the C andC particles at production will be p C E C m X /2 so the Larmour radius can be estimated as r L = E C /(q C B). Taking r L ∼ 500 pc, B ∼ µG [23] and E C ∼ 4 TeV, we find that the electric charge of the C particles has to be given by
As seen from Fig. 1 , while the bound from SLAC is too weak to be limiting for our scenario, the BBN bounds set a lower bound of 10 MeV on m C . We shall scrutinize the bounds from early universe more thoroughly later in this section. Moreover to be safe from the most conservative supernova bounds, the C particles should be heavier than 100 MeV. In order to explain the positron excess we assume the existence of another millicharged particle denoted by C with the same electric charge and with an effective coupling of
In the next section, we shall introduce the underlying model that gives rise to this effective interaction. The differential decay width in the rest frame of C is then given by
neglecting m C , the total decay width can be written as
In order to soften the bound from non-observation of the gamma ray signal from halo, the lifetime of the C particles has to be long enough to escape the halo:
On the other hand unless the C particles decay faster, supernova shock waves can pump energy to the C particles driving them out of galaxy disk within a time scale of 100 Myr [9, 24] . We therefore assume that
which means the decay takes place before supernova shock waves can significantly accelerate the C particles. 1 Thus, we find
The C particles which are stable will be eventually driven out by the supernova shock waves. Notice that the magnetic field in the galaxy has an axial symmetry [25] . The C particles will spiral around the magnetic fields which themselves circle around the galaxy center. Thus, the C particle decaying in our vicinity may have been produced in another part of the galaxy but still at distance of r ± r L from the galaxy center (where r 8 kpc is the distance of the Sun from the galaxy center.) Thus, because of the spherical symmetry of the halo profile, the dark matter density at the C production will be taken to be equal to that in our vicinity: ρ X = 0.3 − 0.8 GeV/cm 3 [26] . The spiraling C and C particles will lose energy via synchrotron radiation given by
The cooling time scale of C particles via synchrotron radiation is much longer than the time scale of the energy gain from supernova shock waves (100 Myr):
Thus, the synchrotron energy loss is completely negligible.
As is shown in [27] , the differential flux of positrons from dark matter decay can be written as where E s and E are respectively positron energy at source and at detector. Notice that due to the energy loss, E s < E and maximum E is equal to E max = m X /2 − m e − m C which for m C , m C m X can be approximately written as E max m X /2. b(E) = E 2 /( GeVτ ) is the energy loss coefficient function with τ = 5.7×10 15 sec [27] . dN (E s )/dE s gives the spectrum of positron at production from C decay in the galaxy frame and is related to the differential decay rate at the C rest frame (Eq. 3) by a boost with γ C = m X /(2m C ). I(E, E s ) is the halo function that takes care of the energy loss of positrons in the galaxy before reaching the detector. To carry out the analysis, we use the so-called reduced halo function for I(E, E s ) with central values of parameters for EinastoB profile enumerated in Ref. [27] . We then check the robustness of our results against different forms of I(E, E s ) that are described in Ref. [27] .
We should now find out what are the values of the parameters of the model that explain the AMS-02 positron excess. For simplicity, we take m C m C . The exact value of C is not then relevant for the fit. However, even in the limit of m C m X , the exact value of m C will affect the fit to the low energy part of the spectrum as the minimum E s at the galaxy frame is given by m 2 C /(2m X ). We take Γ X , m X and m C as free parameters to fit the data. We define χ 2 as follows
where i runs over the energy bins. N obs i
is the observed number of events at each bin and N pred i
is the predicted number of events which is equal to the number of events from the X decay in the "i"th bin plus the cosmic ray background. We take N obs i for positron flux of AMS-02 and the background from [28] . The uncertainty in each bin, σ i , comes from the uncertainty in the observed data (σ i (obs)) as well as from the uncertainty in the background (σ i (bck)) [29] :
The maximum bin energy is 580 GeV and we consider only the data points with energy above 3 GeV. Below this limit, the solar modulation with large uncertainties are relevant [30] which needs special treatment. For EinastoB dark matter profile, we find that the best fit can be achieved for
with χ 2 = 52.2 for 64 − 3 = 61 degrees of freedom and a p-value equal to 0.78. The N obs and N pred for our fit are shown in Fig. 2 . We also redid the analysis for the energy loss function for the NFW dark matter profile with central values [27] . The results are displayed in table 1. Comparing the two results, we deduce that although the goodness of fit remains excellent varying energy loss function but the values of the best fit parameters considerably change with the energy loss function. Notice that in our fit we have only considered the AMS-02 positron excess data.
Data on the e − + e + flux from AMS-02 as well as from CALET [31] is also available. In order to check whether our best fit points are consistent with this data, we have also computed χ 2 defined in Eq. (11) for the e − + e + spectrum. We have taken the e − + e + background and its uncertainties from [32] . Again because of the solar wind modulation, we have only included data points with energies above 3 GeV. Data points include 69 points from AMS-02 taken from [28] and 40 points from CALET taken from [31] . Plugging in the best fit values shown in Eq. (12), we find χ 2 = 128.35 which for 69 + 40 = 109 degrees of freedom amounts to a p-value of 0.1 which is a reasonable goodness of fit. We also searched for the best fit value for the e − + e + flux from CALET and AMS-02 and found that the best fit can be achieved for Γ X = 10 −27 sec −1 , m X = 5.5 TeV and m C = 4 GeV (13) with χ 2 = 128 for 109 − 3 = 106 degrees of freedom and a p-value equal to 0.071 which indicates that they are consistent with each other. DAMPE [33] and Fermi-LAT [34] have also measured the e − + e + flux. We do not however include the DAMPE and Fermi-LAT data points which are slightly higher around 1 TeV. As discussed in [33] , the discrepancy can be due to the uncertainty in the absolute energy scale. Notice that in our analysis, we have not included the energy uncertainty in σ i . Allowing for this uncertainty, the acceptable range of parameters will further widen but exploring all these possibilities is beyond the scope of the present paper.
Since X decay produces e − e + after about 5 × 10 5 − 10 7 years, the recombination era as well as dark ages can be affected so we must check for the bounds from delayed recombination derived from CMB as well as from the 21 cm bounds from EDGES. For this mass range, the strongest lower bound on the dark matter lifetime is 10 25 sec [18] (see also [35] ) so the values of Γ X that we have found (see table 1) are acceptable.
The millicharged particles C,C, C andC in the early universe can be produced via Drell-Yan annihilation of SM fermions such as e − e + → CC or C C . With q c ∼ 10 −6 , the rates of CC and C C productions will be high enough to bring these particles to thermal equilibrium. That means the stable C particles (produced either directly or via C decay) will contribute to dark matter. As shown in [9] , from direct dark matter search experiments strong bounds can be set on the fraction of dark matter in the form of millicharged particles. To reduce the fraction below the bounds, a new annihilation mode for the CC and C C pairs should open up. Within the mechanism that induces fractional electric charge to the C and C particles such a mechanism can naturally emerge. The mechanism includes a new U (1) gauge symmetry under which the C and C particles are charged. As shown in [36] , the kinetic mixing between this new U (1) gauge boson and the hypercharge gauge boson leads to a tiny electric charge for the new particles. In addition to the SM gauge bosons, there will be a new gauge boson which we denote by γ .
2 Taking the new gauge coupling to be g and m γ m C , we can write
We can also write a similar formula for C C → γ γ . The fraction of dark matter in the form of C (f C ) can be written as f C = 5 × 10
Taking g ∼ 1, f C will be low enough to satisfy the most stringent bounds from direct dark matter search experiments [9] . Moreover, with such small f C and f C at recombination era, the energy dump from annihilation can be neglected. That is f 2 C σ will be smaller than the bound from CMB [37] . The produced γ particles will decay into e − e + with a rate of
where we have taken the general case where the coupling of γ to the SM charged particles is of order of g δ in which δ is the kinetic mixing and is of order of q C . This means γ will decay into e − e + long before the onset of the big bang nucleosynthesis era. 
III. THE UNDERLYING MODEL
In this section, we elaborate on the underlying model that gives rise to interaction forms required to realize the present scenario. A central point to the scenario is the existence of millicharged C and C particles which for simplicity were taken to be scalars. Notice that in our scenario DM is electrically neutral and, unlike e.g. [38] , does not consist of millicharged particles. As mentioned before, the C and C particles can acquire tiny electric charges by adding a new U (1) gauge symmetry under which they have the same charge. The details can be found in [39] so we shall not repeat it here. For the range of electric charge of our interest, the γ particle should be heavier than 80 MeV to avoid bounds from the present beam dump experiments [40] [41] [42] [43] [44] [45] . The upcoming SHiP experiment can probe the existence of γ corresponding to q C = 1.5 × 10 −6 from m γ = 80 MeV up to m γ = 200 MeV (see Fig. 3 ). The SHiP experiment is a proposed fixed target experiment at the CERN with 400 GeV proton beam [46] . For SHiP sensitivity predictions, a background of 0.1 events for expected total exposure of 2 × 10 20 proton on target is assumed [40] . Still we have to provide an underlying model for the effective action in Eq. (2). An effective interaction of this type can be obtained by introducing a singlet scalar with a trilinear coupling toCC and a Yukawa coupling to e − e + through mixing with the SM Higgs. The C and C will then couple to also the other SM fermions with an effective coupling proportional to the mass of the fermions. The C → Cµ − µ + and C → Cqq processes will then dominate over C → Ce − e + . To avoid these decay modes instead of introducing a singlet scalar, we introduce a doublet scalar with the same quantum numbers as those of the standard model Higgs, Φ T D = (Φ + , Φ 0 ). Like the inert two Higgs doublet models [47] [48] [49] , we focus on a part of the parameter space where the new doublet does not develop a VEV.
2 There are three s-channel contributions to the e − e + → CC processes via the exchange of γ, γ and Z. For m γ m C , there can be partial cancellation between the contributions from γ and γ exchange such that the corresponding cross section is suppressed by m 2 γ /m 2 C . Despite this suppression still CC particles can reach thermal equilibrium with the plasma. The same argument holds valid for C andC , too. 3 Notice that in the particular case when a certain relation between gauge boson mass mixing and kinetic mixing holds, the couplings of γ to SM fermions vanish [39] , making γ stable. We do not, however, assume such relation.
FIG. 1.
Bounds on the charge of C-particle versus its mass. Light blue region is excluded by the SLAC experiment [53] . The dark blue region is excluded by the BBN constraint [54] and the pink region is excluded by supernova 1987A [55] . 
where V H is the standard Higgs potential, 
We however impose an approximate Z 2 symmetry under which only C is odd. The λ CC term breaks this symmetry and its smallness is explained by this approximate Z 2 symmetry. To avoid cluttering, we shall not write all the terms of V CΦH but one should notice that terms such as λ C |H| 2 |C| 2 and λ C |H| 
Notice that the effective Lagrangian in Eq. (2) breaks both the global U D (1) symmetry and the Z 2 symmetry under which C → −C so in the limit that Y e λ CC is zero, the coupling of Eq. (2) should vanish. In other words, for vanishing Y e or λ CC , the effective term in Eq. (2) cannot be obtained at any loop level. The components of Φ D , having electroweak interaction, cannot be very light. The strongest lower bounds on their masses still come from LEP and are around 100 GeV [50] . Notice that because in our model, Φ D does not couple to quarks its only production mode is electroweak (vector fusion and associated production along with gauge boson [52] ). That is why the LHC cannot still compete with LEP. On the other hand from unitarity consideration, strong upper bounds of 700-800 GeV are set on the masses of these particles [51] . We therefore expect m Φ 0 to be of order of a few 100 GeV. Taking into account these bounds, we find
The smallnesses of Y e and λ CC are explained by the approximate U (1) D and the approximate Z 2 symmetry, respectively.
The upper bounds on the masses of the Φ D components guarantee their eventual discovery at the high luminosity LHC. For negative (positive) λ 2 , the charged component of Φ D , Φ + , will be heavier (lighter) than the neutral component of Φ D , Φ 0 . Notice that as long as λ 1 + λ 2 + √ λλ D > 0 (where λ is the SM Higgs quartic coupling), the "unbounded from below" constraint will be satisfied even for negative λ 2 [51] ∼ λ CC v/m Φ 0 ), the Φ 0 particle will mainly decay into the C C pair which appears as missing energy at detector. Since we do not want to open up a new production mode for the C and C particle in the early universe which may affect the CMB and 21 cm line measurements, let us assume λ e λ CC v/m Φ 0 . This assumption along with the relation in Eq. (16) implies Φ 0 will immediately decay into the e − e + pair with a lifetime shorter than 6.6 × 10 −13 sec, so its signature will be a pair of e − e + with invariant mass corresponding to m Φ 0 . Thus, to discover Φ 0 , the high luminosity mode of the LHC may focus on the gauge associated production of Φ 0 which consists of a pair of e − e + with a definite invariant mass corresponding to m Φ 0 and a SM gauge boson. This signal should be accompanied by a gauge associated production of Φ + and its subsequent decay into Φ 0 and (W + ) * . Thus, the signature will be an e − e + pair with invariant mass again equal to m Φ 0 and an on-shell or an off-shell W boson plus an additional SM gauge boson.
In the opposite case that Φ + is lighter than Φ 0 , its main decay mode will be into e + ν e pair. Thus the signature of the Φ + production will be a SM gauge boson accompaned by a positron plus missing energy. In this case, the Φ 0 (Φ 0 ) particle decays into Φ + (Φ − ) and W − * (W + * ). The Φ 0 (Φ 0 ) production in association with a gauge boson will lead into the signature of e + (e − ) plus missing energy along with a SM gauge boson. In our model, the new doublet couples exclusively to the leptons of the first generation. As a result, the decay of Φ 0 and Φ + produce only the first generation of the leptons. Moreover, the C decay produces only the e − e + flux, accounting for the AMS-02 signal. We could couple Φ D to other fermions, in particular to the first generation of quarks. Then, Φ 0 and Φ + decays at colliders could produce quarks, appearing as pairs of jets. Moreover, the C decay in the galaxy could produce quarks which might contribute to the recently reported antiproton excess by AMS-02 [56] but exploring this possibility is beyond the scope of the present paper.
IV. SUMMARY AND DISCUSSION
We have proposed a dark matter decay model solution to the positron excess observed by PAMELA and AMS-02. Within our model, dark matter, X, is a meta-stable particle which decays into a pair of millicharged particles, CC. If decay takes place in a region like Milky Way galactic disk where the background magnetic field is high, the produced millicharged particles can be trapped despite the fact that their speed exceeds the gravitational escape velocity. The C andC particles eventually go through three body decay into e − e + pair plus lighter millicharged particle. At production, e − or e + will have an energy between m 2 C /(2m X ) and m X /2; however, they will lose energy because of interaction with interstellar matter and synchrotron radiation before reaching the detector.
Taking into account this energy loss and the uncertainties in the standard prediction for positron component of cosmic ray, we have surveyed the model parameter space to find the best fit to the positron excess observed by AMS-02. We have found that the exact best fit point value depends on the assumption on the positron energy loss function (see table I ) but overally with m X = 1 − 10 TeV, m C = 1 − 10 GeV and Γ X = 10 −27 − 10 −26 sec −1 a remarkable fit with a p-value above 70 % can be found. We also check for the compatibility of the predictions of our model with the e − + e + spectrum measured by AMS-02 and CALET and found a reasonable goodness of fit. Thus, within our model, the entire positron excess can be explained by dark matter decay and there is no need for any extra contribution from pulsars or supernova remnants. If future studies establish pulsars and supernova remnants as powerful contributors to this excess, the AMS-02 data can be used to set a lower bound on Γ X . As mentioned before, within our model, we do not expect any significant gamma ray from dark matter halo. However, an isotropic gamma ray signal is expected from cumulation of the photons produced by interaction of e ± off CMB all over the universe. Dedicated analysis of the Fermi-LAT data and its successors must be carried out to account for this effect.
As described in [39] , the millicharged particles can obtain their charge by adding a U (1) gauge symmetry to the electroweak gauge group with a gauge boson that mixes with the hypercharge gauge boson. We denote the new gauge boson with γ . We have also described how the effective coupling required for C → C e − e + can be embedded in a viable electroweak invariant model. We have discussed the distinct predictions of this model for the high luminosity LHC.
We have discussed the possible bounds from various terrestrial, astrophysical and cosmological observations. The C C pairs (as well as CC) can be produced and thermalized with the plasma in the early universe via the DrellYann mechanism and contribute as a millicharged component to dark matter on which there are strong bounds from direct dark matter search experiments [9] . To prevent this, a new annihilation mode is required to render the density of millicharged relics small enough. The annihilation can lead to the production of new gauge bosons: CC → γ γ , C C → γ γ . Efficient annihilation points towards light γ as well as light C and C which opens up the prospect to test the model with terrestrial experiments. γ can be searched for by beam dump experiments such as SHiP [40] and C and C can be searched for with a setup such as SLAC millicharged experiment. Even with maximal σ(CC → γ γ ) and σ(C C → γ γ ) (within the perturbative regime), C (produced either directly or via C decay) can compose up to 10 −7 − 10 −8 of dark matter. Considering that the charges of C and C should be about 10 −6 within our model, the relic C can be eventually detected by direct dark matter search experiments. In fact for the parameter range of our interest, the bounds from direct dark matter search experiments on the fraction of the millichared particles are close to this limit [9] so our model seems to be super-testable.
